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SUMMARY 


Helicopter ground resonance conditions typically require 
incorporation or augmented blade inplane damping and 
tailoring of rotor and fuselage frequencies. The present 
study investi gates the effectiveness of active control blade 
feathering in increasing rotor/body damping and possibly 
eliminating ground resonance instabilities. 




An analytical model representing rotor flapping and lead-lag 
degrees of freedom and body pitch, roll, longitudinal and 
lateral cot •. :• r is developed The equations of motion are 
linearized a J transformed into constant coefficient form. 
Blade feathering appears as a forcing term in each of the 
degrees of freedom. A thorough correlation uith experimental 
model hinge less rotor date is conducted to validate the model 
and the comoijter program. 

Active control blade feathering is implemented as state 
variable feedback through a conventional swashplate. The 
influence of various feedback states. feedback gain, and 
weighting between the cyclic controls (feedback phase) is 
studied through stability and response analyses. Results 
show that blade cyclic inplane motion. roll rate and roll 
acceleration feedback can add considerable damping to the 
system and eliminate ground resonance instabilities. 

ORIGINAL PAG- 
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The feedback ohasa is seen to be a powerful parameter. 


If 


chosen prooerly it maximizes augmentation of the regressing 
lag mode inherent damping. For roll acceleration feedback 
the feedback phase has considerable effect on the roll mode 


fret^usncy. THi^ could be used for active control of 
frequency placement and uould indirectly improve system 
stab i 1 iity. . . 


Rotor 

offset# 


configuration parameters# namely blade root hinge 
flapping stiffness. and precone have considerable 


influence on ths control effectiveness. Results show that 
active control is particularly powerful for hingeless and 
fcearingless systems. 


or;®k«. . 

or poor* •' 
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INTRODUCTION 

Aer omec nan i oa i rotor/f us elage instability# specifically 
ground resonance instability. can occur for articulated, 
hingeless. and bearingless rotors. Typically a range of 
various payload configurations are encountered for a 
particulaij helicopter. This makes it very difficult to avoid 
ground resonance by tailoring the body and inplane rotor mode 
frequencies to avoid coalescence for all operating 
conditions. Thus, the designer in many cases has to resort 
to mechanical lead-lag dampers for articulated rotor systems. 
This means increased cost, complexity, maintenance, weight 
and hub drag. Hingeless rotor systems have not seen 
extensive uses in the helicopter industry, in part, because 
of poor inherent aeroelastic stability characteristics. 
Consequently a means to increase aeromechanical stability in 
a reliable manner could si gnif icantly improve the utilization 
of all rotor hub design conf igurat i ons. 

The purpose cf the present- study is to evaluate the potential 
use of active bl-»de pitch control to increase rotor/body 
system dancing. Such an application could possibly eliminate 
the need for mechanical lead-lag dampers to augment rotor 
system damping. Stabilizing effects can arise both from the 
coupling between blade flap and body degrees of freedom, as 
uell as Corioiis coupling between blade flap and lag motion. 
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The concept or active control blade feathering has been 
successfully demonstrated for vibration reduction and the 
technology is now available for advanced applications. 
Showing analytically the feasibility of using active control 
to eliminate grajnd resonance would represent a further step 
towards an advancedi fully integrated* multimode control 
system. 

Section 2 starts with a literature revieu of the two 
ingredients of the present study: helicopter aeromechanical 
stability and application of active control blade feathering. 
This is followed by a summary of the objectives of the 
present work Next. in Section 3 the assumptions on which 
the mathematical model of the rotor/fuselage is based are 
described and an outline of the derivation of the equations 
of motion and solution procedure is given. The complete 
equations of notion are listed in the Appendix. To validate 
the governing equations of notion a correlation study was 
performed. In Section 4 results of the present analysis are 
compared ui th experimental data and existing analyses. 

The implementation of the active control system and various 
control methods are described in Section 5. All numerical 
results, described in Section 6. are based on state variable 
feedback control. Those active control simulations are 
intended to show the effect of various feedback variables on 
system stability and provide a systematic approach in 
choosing the feedback parameters. The affect of key rotor 

% 
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parameters is also investigated 
behavior. The report closes with 
findings and conclusions. 


as is the rotor response 
a summary of the major 



BACKGROUND 


Possibly the nost fundamental instability associated with 
rotorcrift is ground resonance. This description strictly is 
incorrect since the phenomenon is in fact not a resonance but 
a true instability. A more appropriate name is mechanical 
instability which has seen more use in recent years. This is 
an appropriate description because the phenomenon can occur 
in a vacuum. 


Ground resonance, as a mechanical instability in articulated 
rotors. is well understood. The classical works of Coleman 
and Feingold- Reference 1. and Deutsch. Reference 2. 
identified the rotorcraft parameters and their relationships 
in defining this mechanical instability. Their works showed 
that the ohenorenon is f undamental ly simple but that the 
relationships required for stability among the parameters are 
very complex They also showed that mechanical instability 
is possible only when the natural frequency of the rotor 
blade lagging (or inplane) notions is less than the speed of 
rotation of -che rotor. 


In simple terms, mechanical instability can occur if: 1) The 
lag frequency of the rotor blades is less than the rotor 
speed (soft inplane). 2) The lag frequency minus the rotor 
speed, i. e. , the regressive lag mode frequency, approaches or 
coalesces with the frequency of an airframe mode, and 3) 


Certain 


relationships among the blade lag damping and 
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airframe nodal damping* and the effective rotor mass and 

airframe modal masses are satisfied. 

| 

Coleman's equations have been i/sed extensively to define 
stability boundaries for articulated rotors and determine the 
blade and fixed system damping values required to prevent 
ground resonance. For example see Reference 3. 

Hingeless rotor systems of the soft inplane type have added 
another aspect to the mechanical stability problem. Their 
inherently low blade structural damping and lack of 
mechanical blade dampers can result in severe mechanical 
instability problems on the ground (as an exception, the Lynx 
rotor has mechanical dampers). Bearingless rotors/ in many 
cases/ incorporate elastomeric 3nubbers u/hich can be designed 
to add damping to the blade structural damping for inplane 
blade motion. In addition/ the elastic flapping of hingelcss 
or bearingless rotors and the resulting large hub moments 
lead to greater aeroelaslic coupling between the rotor and 
airframe bath an the ground and in flight. Thus a hingeless 

rotor can experience both ground and air resonance, more 

' 

ap pr opr ia te 1 y de-cribed with the common te“o aeromechanical 

instability. 

I 

■ 

■ 

Evidence of the significance of the encountered problems are 
the numerous publications dealing with the aeromechanical 
stability of actual hingeless and bearingless rotor designs. 

References 4-10. 

i 

I 

' 

I 

' 
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While hingeless rotor designs are attractive through their 
nechanical simplicity* analytical modeling is complicated due 
to strong aerodynamic* inertial* and structural coupling as 
well as inherently nonlinear blade deformations. 
Considerable research effort has been directed towards a 
better under stand ing of the hingeless rotorcraft 
aeromechanical stability problem and investigation of design 
parameters that would ' increase blade lead-lag damping. A 
small sample of this uor>, which is used in the present 
study. is cited in References 11-17. Doth analytical. 
Reference 11. and experimental work. References 12 and 13. 
have been performed. Recently, increased emphasis has been 
places on correlation between analytical and experimental 
results. In References 14- , a. throe different analyses of 
various so ph i s t icat ion are correlated with the experimental 
data reported in References 12 and 13. For this relatively 
simple hingeless rctor/body configuration. agreement is 
generally good. Furthermore. it seems that some of the 
d iscrepanc i as can be removed by improvements in the 
aerodynamic modeling, as shown in Reference 15. However. 
Reference 17 indicates that when attempting to model more 
realistic hmgeless blade designs or bearingless rotors, 
existing analyses lack sufficient accuracy and consistency in 
their aeijomechanical stability predictions. Thus. it is 
evident that considerably more research is needed to develop 
better analytical models and validate them against test data. 

A modern rotorcraft must operate in a severe dynamic and 
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aerodynamic environment. This includes atmospheric 

turbulence» higher harmonic blade air loading and bending and 
shaft loads/ stall flutter and other potential blade 
instabilities* impulse loading due to blade/fuselage 
in terfer enc a. and advanc ing blade Mach number effects. The 
application or active control blade feathering makes it 
feasible to alleviate some or maybe all of these effects 
while improving rotorcraft vibration and handling 
characteristics and thus expanding the rotorcraft flight 
envelope. Some of the different approaches and possible uses 
for active control systems for rotors are described in 
References 13-50. 

Most of the past studies in active control for rotorcraft 
have dealt with gust alleviation* e. g. * References 21# 22# or 
vibration reduction. Reference 23 describes the first 
successful flight of higher harmonic active control for 
vibration reduction It also contains an extensive review of 
previous work in this area. In these studies* Doth open loop 
and closed loop adaptive and gain scheduled controls have 
been used to minimize vibrations. Research in this area is 
still ongoing, e. g. . References 24-26. However* the data 
reported in Reference 23 clearly shows that advances in 
onboard computers, sensor and actuator design, and modern 
control theory have made vibration reduction through active 
control a reality. 

I 

- 

Application of active control to improve rotor stability has 
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received little attention in the past. Of particular 
interest therefore is Reference 27 in which the 
aeromechani ca 1 stability of hingeless rotor helicopters and 
the application of feedback control to augment system damping 
ma s studied The baseline rotor/fuselage configuration 
resembles an S-5S helicopter. However* the rotor is modelled 
having • four • h ingeless - b lades with a flap and lead-lag 
frequency of 1.15 and 0.70 cycles per revolution, 
respectively, at a rotor tip speed of 650 ft/sec. Blade 
structural damping is assumed to be one-half percent of 
critical lead-lag damping. This configuration exhibits a 
slight aeromechanical instability on the ground, for thrust 
to weight ratios greater than 0.6, and in hover. The 
unstable mode is dominantly a fuselage roll mode. The use of 
active control was studied by implementing fuselage roll 
position and roll rate feedback into a set of swashplate 
actuators in order to generate longitudinal and lateral 
cyclic tilade pitch commands. Feedback of fuselage pitching 
motion uas not pursued since the unstable mode has only a 
relatively small pitch component. Numerical results of 
Reference 27 are presented by plotting damping values of the 
critical -.ode as obtained from eigenanalyses. The 
corresponding frequencies arg not presented. These results 
show that feedback of roll position and roll rate can 
stabilize the unstable roll node both on the ground and in 
hover. In Reference 2B blade lag rate feedback through 
ind ividual-bladq-control was used to augment the lead-lag 
mode damping of isolated rotor blades. Two blade mounted 
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accelerometers are used to sense blade lead-lag acceleration. 
This signal is then integrated and rate information is fed 
back to an ac luator that controls the pitch angle of an 
individual blade. This control system is applied to an 
articulated model rotor blade. Data from a simplified 
analytical hover model show that feedback control can 

increase the lag damping ratio* while the flap damping ratio 

| 

is slightly reduced. Experimental results confirm that 
feedback increases damping of the lag mode both in hover 
<83/4 = 8 deg) and even mare so in forward flight (fx =* 0.27). 
Reference 29 formulated the equations of motion for air 
resonance of hingeless rotor helicopters with active control 
of the collective, longitudinal and lateral cyclic blade 
pitch inputsj Here, the blade motions are represented by the 
fundamental elastic mode shapes. No numerical results are 
presented. In Reference 30 feedback control was used to 
improve the pitch-flap stability and response of single rotor 
blades in hover. The control system is assumed to have four 
independent actuators, permitting independent control of the 
flap and pitch displacements and velocities. The control 
system parameters are determined using classical and modern 
control theory techniques. Numerical results are presented 
for a nine- foot diameter model rotor system. For this rotor 
the flutterj speed could be raised from 67 rad/sec to 150 
rad/sec through application of feedback control. At the same 
time the dynamic response of the rotor at subcritical rotor 
speeds was ilowered. 


PAGE 12 





r 


From a reviau of tho literature it is clear that most of the 
previous applications of active control to rotors have dealt 
uith response problems. such as gust alleviation or vibration 
reduction. While by no means simple problems, measurement of 

I ■ 

the quantities to be controlled, namely gust or vibration 
response, is well understood. Thus. control systems for 
these problems are generally designed to be adaptive. In 
addition. for vibration control the frequency of the 
oscillatory control inputs is fixed at multiples of the rotor 
speed. Thus. for preliminary investigations. the 
accelerations of the pilot's seat could be used in an open 
loop type of control to minimize vibrations in steady flight; 
Reference 23. 


To directly evaluate the performance of an active control 


system or 


design an adaptive control system for stability 


augmentation is a considerably more difficult problem. 


Dynamic 


stability measurements. even off-line. 


are 


particularly problematic for helicopter aeromechanical 
stability where rotating and nonrotating systems are directly 
coupled, many degrees of freedom are involved. and the 
process and measurement noise levels can be very high; 
Reference 31 Potential use of real-time parameter 
identification techniques to determine rotor damping 
parameters or complete system dynamic stability has been 
studied; References 32 and 33. This issue will require 
additional wcrV in the future if the concept of active 
control to increase rotorcraft aeromechanical stability is to 
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be fully ut i 1 i zed. 


The purpose of the present study is to evaluate in depth the 
potential for using active blade pitch control to increase 
. rotor/body system damping. The detailed objectives can be 

summarized as follows: 

1) Investigate the influence of state variable feedback on 
system dsnping. Include body acceleration and rotor 
state feedback systems which have not been considered 
before. In addition/ evaluate changes in the system 
: frequencies and response. 

: i 2) Study the effects of feedback parameters; that is 

i feedback gain and weighting between the time-dependent 

cyclic controls. Determine a systematic approach to 
choose those parameters for cptimal stability 
augnentati on. 

3) Investigate the use of control scheduling with rotor 
speed to ensure stability during rotor run up. 

4) Assess the influence of rotor design parameters on the 
performance of feedback control. 

j 

i 

i- 

» 
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Analytical prediction of coupled rotor/body aeromechanica 1 
stability is a difficult task because of the strong 
aerodynamic, inertial, and structural coupling and 

non! inear it i es inherent in modern rotors. The modification 
of system damping through small changes in blade pitch 
settings requires a model that includes all the ingredients 
of an aeroelastic stability analysis. However, care must be 
taken to make the model simple enough to allow efficient 
simulation of various active control concepts in order to 
demonstrate the feasibility of this approach. At the same 
time, sufficient detail should be included to sy s temat ica 1 1 y 
study the effect of rotor/body parametric changes on the 
control laws. 

MATH MODEL 

. 

■ j • . ■ 

A brief description of the mathematical model developed for 

' 

this study and the system parameters modelled follows. The 
math model is similar to the models used in References 11 and 

I ; 

16. The helicopter body is represented as a rigid fuselage 
having pitch and roll rotations (6y.9x) about the center of 
mass and longitudinal and lateral translations <Rx,Ry) of the 
center of mass} see Figure 1. The fuselage physical 
properties required for modelling are its mass, pitch and 
roll inertias, and effective landing gear stiffnesses and 
damping in rotation and translation. The rotor hub is 
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located a distance h above the fuselage r.ass center. The 
blades are assumed to be rigid and rotate against spring and 
damper restraints about coincident flap and lead-lag hinges 
offset from the axis of rotation. see Figure 2. The 
orientation of the hinges can be different from the 
aerodynamic pitch angle. thu« allowing modeling of variable 
structural flap-lag coupling and pitch input inboard or 
outboard of the hinges. 31ade precone is included. This 
parameter was deemed to be important in this study since it 
directly contributes to the Coriolis forces which augment 
blade lag damping. 


BASIC ASSUI1P7 

• I CMS 




The major ass 

ur.ptions on which 

this study 

is based 

are listed 

be law. 





1. The fuj 

1 

glage or rotor s 

upport is a 

rigid 

body with 

latera 1 . 

long itudinal. 

pitch and 

roll 

degrees of 

freedom. 

Vertical motion and yaw 

rotation are not 

inc lud ed 

vF igur e 1 ) . 





2. The unperturbed rotor shaft is vertical (direction of 
gravity) The fuselage center of mass is located on the 
rotor shaft but offset below the hub center by a 
d i s tanc e h. 

3. The rotor operates in a hovering state with low disk 
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loading The rotor speed is constant. 

4. The rotor consists of three or more rigid blades. 

5. The blade root hinge is offset from the rotor shaft. 
The feathering axis is preconed. 

6. Each blade has rigid body flap and lead-lag degrees of 
freedom. These motions are restrained by a set of 
springs and viscous dampers. 

I 

7. The blade cross-section reference points coincide with 
the feathering axis. Built-in twist is zero. 

8. The induced inflow is uniform along the blade. 

9. The aerodynamic forces are based on tuo dimensional 
quasi-steady theory. Apparent mass# compressibility and 
stall are neglected. 

10. The pitch control input is composed cf two parts: the 

tine independent collective pitch# identical for all 
blades; and the time-N'ary ing "active" p itch. 

11. For the results presented here the blade active control 
is applied through a conventional swashplate. 
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ORDERING SCHEME 

In deriving the equations or motion for this model a large 

number of small terms appear. Many of these can be neglected 

systematically by appropriately using an ordering scheme. 

This is based on the magnitude of blade slopes. which are 

typically in the range of 0. 1 < £ < 0.3. The various 

parameters in the equations are assigned orders of magnitude. 

, 1.5” 

Fuselage motions are assumed to be of order 0< c >. The 

active control blade pitch angle is assumed to be of order 
c US' 

0( c )< based on experience with the HHC actuator control 
inputs. Reference 23. In applying the ordering scheme it is 
thnt terms of order e~e negligible in 

with unity. In addition, all terms that contain 
products of the fuselage degrees of freedom are neglected. 

F MOTION 

equations of motion are derived using the 
a 0 p v oac h . First the blade distributed inertia and 
loa-is. using quasi-steady aerodynamics are 
T he N flap and ; N lag blade equations (N>3> are 
integrating the distributed blade loads over the 
tne blade and enforcing moment equilibrium at the 
For a detailed description of this procedure see 
Reference 34. The four fuselage equations are derived from 
dynamic equilibrium at the center of mass, including the 
rotor loads at the hub. fuse la ge inertia and gravity loads, 
and fuselage constraint loads due to landing gear springs and 
dampers. 


EQUATIONS 0 

The system 
Newton ian 
aerodynamic 
derived, 
obtained by 
length of 
root h inge. 


then assum 
comparison 
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The resulting governing system of 4+(2*N> equations is 
coupled, nonlinear and has periodic coefficients. 

The active control pitch input appears as aerodynamic forcing 
expression in all equations. The values in the blade lag and 
fuselage translation equations are one order of magnitude 
smaller than in the flap equations and in the fuselage pitch 
and roll equations.. From these equations it therefore seems 
that two primary mechanisms exist to stabilize ground 
resonance. First, the fuselage pitch and roll motion can be 

controlled through the pitch and roll moments arising from 

| 

flapping. The magnitude of each is directly related to the 
blade root hinge offset and flap spri-g stiffness. The 
second mechanism is lead-lag damping augmentation through 
Coriolis coupling with blade flap motion. This requires 
presence of either steady coning deflection or precor.j. 

As discussed in References 15 and 28. unsteady aerodynamic 
effects (dynamic inflow) can at times have a considerable 
effect on the blade flap motion. Since flapping plays an 
important role in stabilizing ground resonance perhaps the 
conclusions of the present study would be changed to some 
degree. In particular for high flap stiffness rotors 
unsteady aerodynamics should be included in a more refined 
model. 
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SOLUTION METHOD 


The nonlineer equations of notion can be solved directly in 


the tine 
a frequency 
equations 
capability.- 
is obtained 
the active 
blade equi 
obtained it 

I 

linearized 


domain. However. for parametric stability studies 
domain solution is much more desirable. The 
3 T 5 therefore linearized to allow an e i g enana 1 y s i s 
The steady-state. nonlinear equilibrium position 

assuring that the fuselage degrees of freedom and 

- 

blade pitch are zero. In the case of hoveri the 
librium position is independent of time and can be 
eratively using the Newton-Rap h sen technique. The 
perturbation equations art then written as 


CM(q 0 iy»)] q + CC(q ft >y>3 q + CKlq^i^/)] q + f q 0 .^/) = 0 


The complete sat of equations is given in Appendix 0. 


The linear, periodic coefficient perturbation equations can 
be solved using Floquet theory; Reference 35. In the present 
study, the equations are converted into a constant 
coefficient system using the multiblade or Fourier coordinate 
transformation* Reference 36. This is possible under the 
assumptions that all blades are identical and that the active 
pitch input/ is generated through a conventional swashplate 
with three 1 /"ac tive" actuators in the fixed system. With the 
rotor b ein g m a hover condition only the first cyclic blade 
motions in flap and lead-lag couple with the fuselage 


mo t i ons. 


The collective and reactionless blade equations are 





I 


not needed. The problem size is thus reduced to 2 flap# 2 
lead-lag ^nd 4 fuselage equations. 

CM(q e )3q CC(q )3q + Ci / .(q.)3q + L e (q 0 53u => 0 

^ - Z% c <fic >Z)t ‘fix '&* '®y < R* * R / 3 1 


u T = ze^ , q m i 


Stability of the ground resonance problem in the fixed system 
is then evaluated by transforming the equations into first 
order torn and performing an eigenvalue analysis. This form 
of the governing equations is also used to compute the time 
history response and frequency response of the system. 


x = C Aj x + CBlu . 


X T ^ CqT 4 T 3 


a 
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CCRREtATION WITH GROUND RESONANCE DATA 

In order to validate the governing equations of motion# a 
correlation study was performed for some of the rotor/body 
configurations reported in References 37# 12 and 13. No 

active controls are utilized for these results. 

An excellent and extensive body of experimental and 

analytical data regarding the state of the art in aeroelastic 
stability analysis was presented at the ITR Methodology 
Assessment Workshop held at NASA Ames (May 1983)# Reference 
17. From the c o ■ relation studies presented- it is clear that 
in certain cases considerable differences exist between 
analytical predictions and experimental results. However, 
the simple analytical model used *'or the present 

investigat] on should be expected to predict the frequency 
crossovers and damping trends adequately for the rotor/body 
systems modelled here. It is not the purpose of the current 
study to i mo rove upon the state of the art of aeroelastic 
stability predictions. 

Results of a classical ground resonance model were used for 
initial correlation. The model chosen from Reference 37 
consisted of b 1-a-ie lead-lag and fuselage longitudinal and 
lateral degrees of freedom but no aeroaunanics. All blade 
dampers are working. i. e. . the rotor is isotropic. The 

' 

parameters of this model, herein termed configuration A. are 
listed in Table 1. As seen in Figure 3. the results of the 
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present analysis (solid symbols) show very good agreement 
with those of Reference 37. 

The experimental data in References 12 and 13 used here was 

obtained to investigate rotor/body stability of a hingeless 

. ■ 

model rotor. The gir.bal body support has pitch and roll 
degrees of freedom-. • The blade root attachment consists of 
orthogonal flap and lag flexures at radial station 0. 105R. 
without kinematic couplings. Collective pitch is introduced 
outboard of the flexures. In Reference 12 tantulum rods are 
used instead of blades. The parameters for this model, 
herein termed configuration B. are listed in Table 2. For 
the two B conf igurations. note that the pitch mode is 

essentially locked out. case Bl. while far case B2 both 

'I 

pitch and roll notions are present. The model blade used in 

Reference 13 has a cambered airfoil with zero lift at -1. 5 

' 

degree angle of attack. Thus, even at zero collective pitch 
the rotor develops a small amount of thrust. Two cases From 
Reference 1.3 are considered - conf iguration 1 (as identified 
in Reference 13) with a soft flap flexure of about one-fourth 
the stiffness of the lag flexure, see Table 3. and identified 
in this study as conf igura t ion C» and configuration 4 with 
equal (matched) flap and lag flexure stiffnesses, see Table 
3. and identified in this study as configuration D. System 
parameters in Reference 13 were chosen so that the systems 
experience a slight ac-r cnechen i cal instability at the 
coalescence of the regressing lag and the body roll mode. 
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Ex p er inenta 1 results reported in References 12 and 13 were 
included in tne ITR iletn odology Assessment Study. HHI's 
analytical results obtained under the ITR contract have been 
reported in References 14 and 17. To correlate with those 
results the present model includes blade lead-lag as well as 
flap and fuseiage pitch and roll degree*, of freedom. 

Figures 4 and 5 show correlation with experimental data from 
Reference 12 where tantalum rods were used instead of blades. 
This essentially represents an "in vacuum" condition. 
Parameters for this model, conf iguration 2. are listed in 
Table 2. System modal frequencies predicted by the current 
analysis (solid symbols) compare well with the experimental 
data and the E-727 analysis. Reference 14. both for the body 
roll only c onf i g ura t i on 31. Figure 4. as well as for the body 
roil and pi ten c onf i g ura t i on 22. Figure 5 Damping data :s 
not shown sine 3 the experiments only simulated a vacuum, 
i.e. . aerodynamic drag forces are still present, whereas the 
present analysis cannot simulate this condition. Predicted 
damping levels for total vacuum are lower than the measured 
values. However, damping trends at frequency crossovers a^e 
very well predict 3 i. 

Figures £ through 11 show correlation of the present analysis 
with experimental data from Reference 13 (configuration 1) 
and with the corresponding E-927 analyses from Reference 14. 
Parameters for this model, configuration C. are listed in 
Table 3. Frequencies and lead-lag damping levels for the 
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flat pitch Figures 6 and 7. show very good agreement. 
Corresponding roll and pitch damping values.- Figures 8 and 9. 
are generally higher than experimental data but in the same 
range as E-927 predictions. 

I 

Lead-lag damping for nine degrees of collective pitch as a 
i . 

function of rotor speed is shown in Figure 10. Agreement of 
the present analysis (solid symbols) with experimental 
damping values is very good up to 650 rpm. This includes the 
crossover of the regressing lag mode with the body pitch 
mode. For higher rotor speeds, at crossover uith the body 
roll mode, only general trends in damping are captured. This 
is certainly a shortcoming but it is felt that a better 
knowledge and/or adjustment of the body roll frequency and 
damping would improve results considerably. Furthermore. 
Figure 11 shows that the current analysis predicts damping 
trends as a function of collective pitch angle quite well for 
the regressing lag mode. 


Figures 


12 


analy t ical 


and 13 show 
results from 


correlation with experimental 
Reference 13 iconf iguracion 


and 

■ 1 ; 


matched 


S 1 1 * tn'33 s 


case 5 . 


configuration D» are listed in 


present 

compared 

However. 


analysis with the 
to that achieved in 
analytical results 


same range as those shown in 


Parameters fox this model- 
Table 3. Correlation of the 
experiment is degraded when 
the soft flap flexure case, 
of the present study are in the 
Reference 13. Results from 


Reference 


15 show that dynamic inflow yields much better 



t- me . 


. V** 


correlation for this matched stiffness rotor. 

It is concluded that the present model and computer code are 
sufficiently valid to investigate the effects of active 
controls on rotor/bady aer omechanical stability. 
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CONTROL LAW DEVELOPMENT 
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07 . FCO.i QJ. 


Development of control laus and their evaluation for this 
study will be made with the objective to increase rotor/body 
system damping levels and eventually eliminate the need for 
blade dampers. Constraints on state and controj. variables 
have to 


be observed to avoid adversely ^fjfecting overall 


system performance. The selection trade-offs include active 
control system complexity, reliability, stability, and system 


interface 


r ego ir ements. 


he basic mechanism for influencing lead-lag dynamicc 


provided 
coup 1 ing 


through aerodynamic. Coriolis. and kinematic 
with blade flapping and feathering inputs. rcr 
elastic blades, elastic flap— lag coupling would also plan 
major role fuselage dynamics are coupled uitrs i: ■. a - 
flapping through aerodynamic and gyroscopic forces. 


In implementing the active control terms it is assumed that 
controls are applied through a conventional swash p late, i o . . 
control motions are generated by actuators in the Filed 


system. 

expressed 


The active pitch input to the k 'th blade can then be 


@Ak “ ®Ac(.y) C0£ Vk + ^As(iy) s,n ?k 

where thej control inputs and 0 ^ are yet to be determined 

functions of the nond imens i ona 1 time parameter vp . 
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T’jy: 


From the above it is clear that the aeromechan ical stability 

of a helicopter is a nul ti-input/mui ti-output control 

I 

problem. In the present study three different control 
methods were implemented in the computer code: state 

variable feedback control, output feedback control, and open 

__ . 

loop control Figure 14a shows the block diagrams for state 
feedback and- output feedback, each combined uith open loop 
control. The system equations are 


i = CA3 i + CB ^ ' ii T= cO Ac' 0 A C 3 


y = CC 3 x i wr. ere for 


state f eed back : 


u = CKlx 


output feedback: 


u ' = CKly 


open loop control: 


v =v <ip) 


Note, that with the output vector y being a function of the 

lead-lag displacement and velocity of the first blade, the 

CC] matrix contains p er i od i.c . c oe f f i c i en t s. This implies that 
■ 

either a time history solution or Floquot theory must be 

I 

used. In t r. e latter case it might be more oesirable to solve 
the periodic rotor/body aquations in the first place rather 

than transforming the blade degrees of freedom and equations 

| 

using Fourier coordinates. In the present study. time 
history integration (Hamming's Predictor-Corrector method) is 
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used to treat output feedback as well as open loop control. 

The motivation for the present approach and some additional 
assumptions are as follows. State feedback is obviously a 
natural choice- Hare it is assumed that all the states are 
known. However* only one state at a time is used for 
feedback. Combined feedback of two or more state variables 
was not considered. The above choice of the output vector y 
is intended to help clarify the issue whether for the case of 
lead-lag feedback knowledge of the complete rotor state, 
i. e. . . <^s is necessary or whether it is sufficient to take 

measurements on one blade only. With respect to lead-lag ! 
damping identification, knowledge of one blade's response was j 
sufficient (Reference 33). Open loop control is included |‘ 
here since it provides the capability to perform frequency 
response analyses. Howeve r, . open loop control is not used to 
augment stability. f-lo attempt was made at shis stage to use 
multivariable optimal control techniques to maximize the 
damping aug men ta ti pn since gaining a basic understanding of 
the problem was thought to be- more important. For the same - 
reasons and the aforementioned problems with dynamic 
stability measurements in rotorcraft adaptive control 
(combining identification and control) was not considered. 

Returning now to the implementation of control inputs in more 
detail, def ine: 

state feedback: ju^* = C Kc os^, Ks inj£l d n=(J, 1,2 

f- ' 

OF POOR QUALITY. 
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output feedback: u^" =■ CKcos^, Ks in^3 


f K cosfi' cas(u) A <y +<& c ) 

* * 

K r/n cetf (io A y + $,j) . 


In the above expressions K is the control gain. The angle <j> , 
herein termed "feedback phase" defines the relative weighting 
between the tine dependent cyclic controls. In other words. 


<P 


defines 


the azimuthal position where the gain that 
individual blades experience has its maximum value. This 

point is 50 degrees from the axis of no feathering about 


which the 


s-jashp late oscillates; see Figure 14b. 


The 


quantity q^ is one of the system degrees of freedom, and 
is a function of the lead-lag displacement and velocity of 


the first 


blade. The open loop control frequency is w. 


and 


phasing of the cosine and sine input is denoted by j!$ c and <p s 
respectively. It should be pointed out that for simplicity 
state feedback is introduced into the second order equations, 
thus u is proportional to q^ rather than x- . State feedback- 


can then 
stiffness, 


be thought of as an addition to tho system 
dar.ping, and/or mass matrix, for n = 0, 1. 2 


respectively 


PAGE 30 



RESULTS 



All the active control simulations in this study were 
performed for the rotor/body configuration C. This is a soft 
inplane hingeless rotor supported on a gimbal with pitch and 
roll degrees of freedom The baseline system parameters are 
listed in Table' 3. When investigating the effects of rotor 
configuration the blade root hinge offset, precone, and flap 
stiffness vlara varied from their nominal values. Parameters 
for these cases. inasmuch as they differ from configuration 
C. are shown in Tables 5. 6. and 7 respectively. Nominal 
rotcr speed for configuration C is 720 rpm. All cases are 
run with flat pitch. however. this rotor has a cambered 
airfoil which gives a, small positive thrust at zero 
collective. The modal frequencies and damping for the 
baseline case without feedback are shown in Figures 6-9. 
Recall. that the regressing lag mode experiences an 
instability at the frequency crossover with the body roll 
mode, which occurs at 765 rpm. 

All the results presented were obtained using state variable 
feedback control. First, the effect of individual feedback 
state variables on system stability is explored by varying 
feedback gain and phase systematically. These studies are 
performed at the point of minimum stability. i. e. . at the 
coalescence roior speed of 765 rpm. Plots of system damping 
and frequency versus feedback phase are used to select 
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candidate feedback states and define feedback phase angles 


for ma x imum 


damping augmentation. Next, these candidate 


feedback states are investigated in more depth by considering 


range of 


rotor speeds to simulate rotor run up. Results 


show the sensitivity of the system dynamic behavior with 
respect to changes in feedback gain and phase. Following 
this, the eftjecl of rotor configuration on active control 
damping augmentation is studied. To this end the blade root 
hinge offset, precone, and flap stiffness, which are key 
parameters in terms of control effectiveness, are varied to 
cover a range of values typical for articulated, hingeless, 


and bearingless rotors. Lastly, the rotor/body response 
behavior is considered. This provides a quantitative measure 
of the active blade feathering amplitudes required to achieve 
adequate stlbility margins. It also gives a better 
und er s tand i ng of the rotor/body mode shapes. 
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STATE FEEDBACK S1UDIES 


For state feedback the active blade feathering angle is. for 
various analyses, set proportional to individual state 
variables, f£, ^ , Q* ' ’ Pc ' /&s ' and th<3ir ti me derivatives. 


Figures 15 through 28 shot) the effect of feedback on system 


damp ing , 


i. e , real part of the eigenvalue, and frequencies, 


1. e. , imaginary part of the eigenvalue. Gain values of K=l. 

2, and 3 and a complete range of feedback phase angles, 
C<ji<360. , are considered. Also shown are the damping and 
frequency of the baseline system without active controls, 

I 

i. e. , K^O. The rotor speed in these figures is 765 rpm which 
corresponds to coalescence of the bodu roll mode and 
regressing lead-lag mode frequencies; Figure 6. From these 

plots feedback of the following states was found to be most 

• •* • •• 

suitable for stability augmentation: , Q ^ and fit- 

see Figures 16, 18, 20, 22, and 23. Individual results are 


discussed in detail b e low. 


Figure 15 shows the influence of cosine cyclic lead-lag 

position feedback <Cc ) on system dynamics. The baseline 

| 

<K=G) lead-las regressing rode is unstable for this operating 

| 

condition. Depending on the feedback phase, variations in 
feedback gain can increase damping and stabilize this mode 
(25C<J$<3Q deg) or decrease damping and further destabilize it 
<30<$k250 deg). The opposite behavior is observed for the 

i . 

progressing lead-lag mode which is stable for K=0. It's 



damping is decreased for feedback phase between ISO and 360 


degrees and increased for feedback phase between 0 and ISO 
degrees. This cakes the progressing lead-lag code the least 
damped code for feedback phase between 230 and 360 degrees 
and, depending on the gain value, can result in system 

■ I 

instability. Therefore there exists only a small range of 
feedback phase angles. . around where the rotor/body 

system could be stabilized through active control. Feedback 

of c is therefore not considered to be a suitable choice. 

•• « 

Similar findings can be cade for tfz and ifs feedback, see 
Figures 17 and 19. 

Figure 16 shows the influence of cosine cyclic lead-lag rate 

• I 

feedback <£^c ) on system dynamics. Again, depending an the 

. I 

feedback phase, the damping of the regressing and progressing 
lead-lag modes can be increased or decreased from the 

I 

baseline values. This tire, however, damping for both modes 

is increased over approximately the same range of feedback 

| 

phase s'alues. As a result the system can be stabilized for 
Feedback phase between 0 "and 110 degrees. The maximum 
increase in dapping occurs at approximately 60 degrees 

I 

feedback phase and is directly proportional to the feedback 
gain Feedback of c is thus considered to be a suitable 
candidate for stability augmentation. Similar findings can 

I 

be made for Feedback of at jJ=*240 and feedback of at 

^=60 degrees; see Figures 18 and 20. Continuing the 

. discussion of Figure 16. it is seen that feedback control 

changes the roll and regressing lag mode frequencies only to 
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a limited extend. Furthermore* at feedback phase angles of 
approx imate ly £0 and 240 degrees these modal frequencies 
remain unchanged for all values of feedback gain. This 
clearly shows that the improved system stability at jJ=60 
degrees is a direct result of increasing the regressing lag 
node inherent damping and not due to a change in coalescence 
rotor speed. Inspection of the roll mode and regressing lag 
mode damping indicates that the source of the increased lag 
damping is a reduction in roll mode damping. However* the 
roll node is well damped in the baseline system and this 
exchange of damping is therefore beneficial for overall 
system stability. 

The effect of roll attitude, rate, and acceleration feedback 
is shown in Figures 21. 22, and 23. Again, damping of the 
regressing and progressing lead-lag mode is increased or 
decreased deoending on the feedback phase. In addition* roll 
attitude feedback (Figure 21) can lead to considerable 
instability of the roll mode and regressing flap mode at 
certain values of feedback phase. This behavior was also 
observed for roll rate and roll acceleration feedback for' 

I ; 

gains greater than those shown in Figures 22 and 23. 
Returning to Figure 21. roll attitude feedback could be used 
to stabilize the 'system for feedback phase between 45 and 120 
degrees. However. the frequency plot shows that in this 
range the roll mode frequency is raised considerably. Any 
gains in system damping would thus largely be due to a shift 
of the coalescence rotor speed rather than an increase in • 
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regressing lag mode inherent damping. Feedback of roll 
attitude is therefore not further considered. Feedback of 
roll rate vFigure 22) at a feedback phase betueen 90 and 120 
degrees add! damping to the regressing lag mode while keeping 
the regressing lag and roll mode frequencies almost 
unchanged. Housver. the feedback gain uould have to be 
increased to provide adequate system stability margins. 
Similar observations can be made for roll acceleration 
feedback (Figure 23) at a feedback phase betueen 240 and 270 
degrees. Thus. both roil rate and acceleration seem to be 
suitable feedback states and will be studied in more depth. 

Feedback of oitch attitude. Figure 24, is seen to have very 
little effect on damping of the regressing lead-lag mode. At 
the same tine, damping of the pitch mode and regressirg flap 
mode can be lowered to a point of considerable instability. 
Results from oitch rate and acceleration feedback, Figures 25 
and 26, show no change in regressing lag mode damping and. 
for larger gains, can be expected to exhibit similar pitch 
mode ins ta b i 1 i t ies as for feedback of pitch attitude. Pitch 
feedback is therefore not considered a suitable choice for 
eliminating the regressing lag/roll mode instability 
considered here. 

The influence of flap feedback states on system damping is 
shown in figures 27 and 23. While leading to large changes 
in damping of the regressing and progressing flap modes. the 
damping of the regressing lag mode is not improved and the 
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flap state variables are not considered for rotor/body 
damping augmentation. 

• f ^ ** • •• 

Based on the above results feedback of £^c. t^s. fc^s. 0x» and 6x 

was further evaluated bg considering rotor rpm sweeps and 
varying the gain K. while keeping the feedback phase at 

constant value; see Figures 29 through 33. The value of 
uas chosen as discussed previously. The objective was to 
select a value of ^ that would increase damping fer the 
regressing and advancing lag mode but leave the frequencies 
of the regressing lag node and roll mode unchanged. In 
selecting the gains K. an attempt was made to obtain 
approximately the same range of regressing lag mode damping 
values for ail five feedback states. It is seen that in all 
five cases the system can be stabilired at all previously 
critical rotor speeds* although to a varying degree. This 
will be further quantified through response solutions. 
Feedback of the selected lead-lag 3tates> Figures 29. 30. and 
31. adds considerable damping to the regressing lag mode 
above 700 rpm and stabilizes the system. At the same time 
the frequencies and in particular the coalescence rotor speed 
of the regressing lag/roll node are changed very little. 
However, at the crossover of the regressing lag mode with the 
body pitch mode (600 rpn) these feedback controls could 
destabilize the system, depending on the value of feedback 
gain. Feedback of roll rate and roll acceleration. Figures 
32 and 33. also augment the damping of the regressing lag 
mode above 7C0 rpm and could be used to stabilize the system. 
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Roll feedback has no effect on the regressing lag mode 
damping at coalescence uith the pitch mode. This is 
consistent with the previou« observation that pitch feedback 
is not suitable to eliminate the coupled regressing lag/roll 
mode instability. It is further interesting to note that 
feedback of the body roll rate and in particular roll 
acceleration lead to considerable shifts in the frequency of 
the roll mode and therefcre change the co; licence rotor 
speed. The stability gains seen in Figures 33 and 33 are 
thus attributable to a combination of increased inherent 
damping and frequency shifts. Whether such a change in roll 

frequency is desirable must be decided on a case to case 

basis. 

The sensitivity of the system dynamic behavior with respect 

to the feedback phase is explored in Figures 34 through 37 

•• • # . 

for feedback of . O x , and 0 K » respectively. In each 

case. three ph«..e angles near the optimum value were chosen. 

while the gain was kept at a particular value representing 

appro x ina te 1 y similar control effort in terms of active blade 

pitch angle amplitudes. These values were determined from 

response studies to be K=0. 3. 3. 0, 9.0. and 27.0 for i * s . 

• •• 

O x > and O x feedback, respectively. Note that for clarity 
only the regressing lag mode damping curves are shown in 
Figures 34 through 37. Other symbols show the damping of the 
progressing lag node and other system modes. Again, feedback 
of ^ and t* s for the gain values shown in Figures 34 and 35 
keeps the system frequencies unchanged. Damping results show 
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that feedback phase can be used to maximize the regressing 
lag mode damping at each rotor speed. This indicates that a 
phase schedule uith rpm could be used. Feedback of the roll 
rate and roll acceleration! Figures 36 and 37i leads to roll 
mode frequency changes. However/ the system is stable at the 
new coalescence rotor speed uhich means that inherent damping 
has been added to' the regressing lag mode. Furthermore/ 
while the feedback phase has little effect on system damping 


it is 


seen to be a powerful parameter for changing the roll 


made frequency. 


The results obtained so far are summarized in Figures 3B and 
37. These figures show root locus plots for the candidate 
lead-lag and roll feedback state variables. In each case the 
regressing lag mode is the least damped mode and thus governs 

system stability. It is seen that feedback of the state 

• «• • •• 

variables , ij^/ Q^, and Q x can be used to eliminate 

the inplane/roll instability of the baseline system. The 


feedback 


gain K can be .increased to obtain a specified level 


of regressing lag mode damping at the coalescence rotor speed 
(Figures 3Ba/ b and 39a/ b). The feedback phase ft can be used 
to maximize the regressing lag mode damping augmentation at 
other rotor soeeds (lead-lag feedback shown in Figures 38c 
and d) or change the roll mode frequency which indirectly 
changes the regressing lag mode damping (roll feedback shown 
in Figures 39c and d>. These results also show that a 
different choice of feedback state variables and control 
parameters (k\/j i) would be needed to eliminate an 


V 
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inp lane/p i tch instability. Quantitative results are given in 
. •• • 

Table 4. For Kc Ks' i and feedback about 1 percent of 
critical danping is introduced for the regressing lag mode at 
a maximum active blade pitch angle. one third 

M 

degree per degree of cyclic lead-lag angle. For 6x about 1.5 
percent of critical damping is introduced with the same 
control angle. (Figure 37 shows that the larger change in 
damping with 3x feedback is due to changes in the roll mode 
frequency. ) Thu control angles shown in Table 4 are quite 
small in particular when considering the low frequency of the 
control motion. However, it will be important to engage the 
control system before the lead-lag motion can build up to 
large amplitudes. 

The results shown so far are very promising. They indicate 
that several ways exist to augment rotor/booy stability. The 
important as -sect of control mechanization can thus be 
approached with considerable flexibility. 
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EFFECTS 


OF ROTOR CONFIGURATION 


Very important rotor parameters in terms of control 
effectiveness are the blade root hinge offset* precone* and 
flap spring stiffness. These parameters were var:od from 
their baseline values (configuration C» Table 3) to cover a 
range of values representative of articulated, hingeless, and 
bearingless rotors-. At the same time the blade root spring 
stiffnesses. lead-lag damping and body roll stiffness were 
changed so that the modified rotor/body systems would closely 
approximate the baseline system at the coalescence rotor 
speed in terms of roll frequency and regressiny lag mode 
frequency and damping. Use of these equivalent dynamic 
systems is intended to permit direct comparison of the 
stability results obtained uith feedback control. Parameters 
for these systems. inasmuch as they are different from 
conf iguration C. are listed in Tables 5. 6. and 7. 

Figure 40 shous the frequency and damping For the equivalent 
dynamic systems uhen the blade root hinge offset is varied 
from 10 to 5 and 2 percent. The regressing lag and body roll 
frequency remain unchanged at the coalescence rotor speed of 
765 rpm Also the damping curves match very closely between 
720 and 3'5Q rpm The effects of preccne and flap spring 
stiffness are investigated for the lowest value of hinge 
offset (e = . 02R). Precone has negligible effects on system 
frequencies. Figure 41 therefore only shows the damp ing for 


the eq 


bivalent dynamic systems when precone is changed from 
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0 to 2 and 4 degrees. It is seen that damping values are 
well matched throughout the unstable region Figure 42 shows 
the system frequencies and damping when the flap stiffness is 
reduced to zero. Frequencies are well matched with the 
exception of the regressing flap mode. This mode changes its 
character from being regressing in the fixed system (rotating 
frequency greater than one) to being progressing (rotating 
frequency smaller than one) as the flap stiffness is reduced. 
As a result damping values match only at the coalescence 
rotor speed. 

Investigation of active control is limited to feedback of the 

sine cyclic 1? ad-lag position (i^s) and roll acceleration (6x) 

state variables. For these two feedback states a brief study 

was conduct’d to determine approximately the optimal feedback 

phase angles and appropriate feedback gain levels. Tables 5. 

6. and 7 list these feedback parameters and the resulting 

system damping values. Results for the various root hinge 

offsets (Table 5) and precone angles (Table 6) are obtained 

by keeping the active blade' feathering angles constant (£>ahku 

= 0.29 degrees for l^s feedbacki ap pr o x ima c e 1 y 0.4 degrees for 

.. 

0x feedback; It is seen that the system is stabilized for 
all the different configurations. both for <^s and <sx 
feedback. Increases in hinge offset increase the damping 
levels even though the flapping frequency is reduced. 
Similarly] increases in precone angle increase the damping 

I 

levels. When reducing the flap spring stiffness to zero 
(Table 7) larger active blade feathering angles C v 2 degrees) 
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are required to obtain stability margins of approximately 0.5 
percent critical damping. It should be pointed out. however, 
that typical articulated rotors have hinge offsets larger 
than the configurations in Table 7. 

The above results, while being of a limited nature, show that 
the root hinge offset, flap spring stiffness, and precone 
have considerable influence on the control effectiveness. 
This had to be anticipated due to the action of hub moments 
and Coriolis coupling. It can be concluded that active 
control for rotor/body damping augmentation will be 
particularly poucrful for hingeless and bearingless rotors 
which typically have a large virtual hinge offset and flap 
spring stiffness and in many cases also precone. Controlling 
the aeromec h so ical stability of typical articulated rotors 
will be a more difficult task. For these rotors it might be 
helpful to use collective Blade pitch to introduce steady 
blade coning deflection. This should have similar beneficial 
effects on control effectiveness as precone. 
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ROTOR RESPONSE 

Response results are intended to be of a qualitative nature, 
to give a barter understand ing of the rotor/body mode shapes 
or to give an indication of the required control input 
magnitudes. 

Free Response from a set of initial conditions, forced 
response, and frequency response results are presented for 


conf igurati on C. The free response results are computed 
using an aporcpriate eigenvector from the stability analysis. 


normalized to a maximum lead-lag amplitude of one degree. as 
an initial condition. Frequency response and forced response 
are computed by simulating a one degree blade pitch stick 


stir, either in the advancing or regressing direction. For 


frequency rasoonse the non d inens i ona 1 excitation frequency 
is varied from 0. 1 to 0.7. Forced response is computed by 
starting with the system at rest (zero initial condition) and 
an excitation frequency ui^ = .336. corresponding to the 

frequency of the regressing lag mode at coalescence. The 
rotor speed is 765 rpm in all cases. 

Figure 43i shows the response of the baseline system with no 
feedback controls applied. The progressing lag mode (high 
■frequency) is seen to be stable. The regressing lag mode 

(low frequency) is slightly unstable, with critical damping 
of q = -0.53 percent. It's modal components consist largely 
of the cyclic lead-lag motions (fj'c.J^s), the body roll degree 
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of freedom (8x)« and lateral cyclic flapping (y(Jj). There is 
very little oitch and longitudinal flap motion. The inherent 
stability of the rotor/body system with sine cyclic lead-lag 
feedback control at K=1 and $ = 240 degrees is illustrated in 
Figure 44. The time histdry response of the regressing lag 
mode r.huws that with feedback this previously unstable mode 
(Figure 43b) is. stabilized, and both cyclic lead-lag degrees 
of freedom, ^c and ^s, reduce significantly in amplitude in 
only ten rotor revolutions. It is also seen that feedback 

I 

control increases the participation of the flap and body 

pitch and roll notions in the regressing lag mode. This 

' 

could be the source of the increased damping of this mode. 
The amplitude of active blade feathering in Figure 44 is 0.9 
degrees initially and reduces to less than 0.5 degrees over 
ten rotor revolutions. 



Figures 45 and 46 show the response of conf iguration C to 
advancing and regressing stick stir excitation at the 
regressing lag nod e frequency. No feedback controls are 

applied. The system is initially at rest. After ten rotor 

| 

revolutions the excitation is stopped and the rotor/body 
system is allowed to move- freely. Tnis simulates a procedure 
typically ussd in helicopter ground resonance testing. It is 

j 

seen that stick stir in either direction excites the unstable 

. 

regressing lag mode and results in growing lead-lag motion 
amplitudes after the excitation is stopped. Note however, 

I 

that the regressing stick stir (Figure 46) leads to much 
larger amplitudes than the advancing stick stir (Figure 45). 
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Examination of the regressing lag mode eigenvector shows that 
it's flapping contributions are sequenced in a regressing 
direction. This mode is therefore most readily excited with 
a regressing stick stir. 

Frequency response analysis is used to compare the effect of 
increased blade lead-lag damping versus the application of 
feedback control. Figure 47 shows the influence of 
increasing the lead-lag damping from ^ = 0.52 percent to 2 

percent and 8 percent critical. No feedback controls are 
applied. Figure 49 shows the influence of }^s feedback with 
increasing gain values. K = 0.3; 1.0. 3. 0» and <j> = 240 

degrees. Damning is held at its nominal value of = 0. 52 

percent. In both cases only the frequency response of the 
cosine cyclic lead-lag motion is shown. Comparing both 

magnitude and phase plots qualitatively indicates that 
feedback control and additional blade damping have very 

similar effects in terms of system dynamics. This is an 

I 

additional indication that active control can be used to 
augment rooor/body damping and reduce or even eliminate the 

I 

need for lead-lag dampers. 



CONCLUSIONS 


! / 


The present study indicates that active control blade 
feathering through a conventional swashplate is a viable 
naans to increase rotor/body damping levels and to eliminate 
ground resonance instabilities. The choice of control 

i • ■ •••' 

parameters depends on the rotor/body configuration under 
consideration and must take aspects of control mechanization 
into account. Based on the stability and response results 
presented here for state variable feedback control the 
following conclusions can be drawn. 


Roil rate and acceleration and blade inplane notion ( ?c- <,■ 

• 0 

> feedback control can add considerable damping to the 
system. It eliminates the regressing lag/roll mode ground 

resonance instability of the hingeless model rotor under 
consideration. The feedback phase <f>> i. e. . ueighting between 
the cyclic controls. is seen to be a powerful parameter. 
Depending on the value of $ the system can be completely 
stabilized or further destabilized. With the proper choice 
of feedback phase, damping of the regressing lag mode can be 
maximized without adversely affecting the damping of other 
system modes The feedback gain K can then be adjusted to 
obtain a soecified level of regressing lag mode damping at 

I 

• •• • 

the coalescence rotor speed For lf c . . and 8x feedback 

I ** 

about 1 percent and for 9x about 1.5 percent of critical 
damping is introduced for the regressing lag mode. This 
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damping augmentation is obtained with an active blade 
feathering amplitude of 1/3 degree per degree of blade cyclic 
lead-lag angle. 


Inspection of the system eigenvalues indicates that the 
increased lag damping might be due to a reduction in damping 
of other system modes, notably roll or flapping. However, 
these modes are uell damped and this exchange of damping is 
therefore beneficial for overall system stability. From the 
regressing lag mode response it is also seen that feedback 
control generally increases participation of longitudinal 

flapping and bod'j pitch motions in this mode. This could be 

! 

an additional source of the increased regressing lag mode 
damping. 


Rotor rp.’i sweeps show that uith the above feedback controls, 

selected ac the coalescence rotor speed. the system is 

stabilized throughout the range of previously unstable 

operating conditions. For lead-lag feedback (£.« > 

the sy s tern- f r equenc ies -and- in particular the coalescence 
rotor speed remain practically unchanged. Improvements in 

system, stability are a direct result of increasing the 

1 . 

regressing lag mode damping. Furthermore, scheduling the 

i 

feedback phase uith rotor speed can be used to maximize the 

• •• 

damping augmentation. For roll feedback (0x. 9x) the 

| 

feedback phase has a considerable effect on the roll mode 

i 

frequency. Besides increasing the regressing lag mode 

1 

damping, roll acceleration feedback in particular can be 
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designed to shift the coalescence rotor speed. This would 
indirectly improve system stability through active control of 
frequency placement. Lastly* it is seen that a different 
choice of feedback state variables and control parameters 
would be necessary to eliminate an inplane/pitch instability. 
For the present conf igurat ion the active controls should be 
applied only at rotor speeds above the crossover of the 
regressing! lag node with the body pitch mode. 

Increasing the root hinge offset* flap spring stiffness* and 
precone improves the control effectiveness considerably. It 
can be concluded that active control for rotor/body damping 

i 

augmentation will be particularly powerful for hingeless and 
bearingless rotors Controlling the aoromechanical stability 
of articulated rotors will be a more difficult task. 
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Q PRESENT ANALYSIS 
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Damping and Frequencies Versus 
Speed for Classical Ground 
nee Model, Configuration A. 
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FIGURE 5. Modal Frequencies Versus Rotor Speed f Body 
Roll and Pitch Motion, Configuration B 2 
at Flat Pitch. 
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FIGURE 6. Modal Frequencies Versus Rotor Speed, ' • 

Configuration C 
at Flat Pitch. 
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FIGURE 7. 

Lead-lag Regressing Mode Damping Versus 
Rotor Speed* Configuration C 


at Flat Pitch. 



FIGURE 8. Body Pitch Mode Damping Versus Rotor 
Speed, Configuration C 
at Flat Pitch. 
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FIGURE 9. Body Roll Mode Damping Versus Rotor 
* Speedi Configuration C at Flat Pitch. 
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FIGURE 10. Lead-lag Regressing Mode Damping Versus 
| Rotor Speed with Nine Degrees Collective 

Blade Pitch, Configuration C 
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FIGURE II. Modal Damping as a Function of Blade 
Pitch Angle, Configuration C. 


PAGE 63 




r 


or:g:::;sL . 
of fco:; 


i r 

a 

* 1 



FIGURE 12. 
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Modal Frequencies Versus Rotor Speed, 

for Matched Stiffness Rotor, Configuration D 

at Flat Pitch. 
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FIGURE 13. Modal Damping Versus Rotor Speed for 

Matched Stiffness Rotor, Configuration D 
at Flat Pitcn. 
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FIGURE 





State variable feedback system. 
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14a. State Variable Feedback and Output Feedback 
; Control System'. 
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15. Modal Dampinq and Frequencies Versus Feedback 
Phase with Cosine Cyclic Lag Feedback, 
Configuration C. 
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Modal Damping and Frequencies Versus Feedback 
Phase with Cosine Cyclic Lag Rate Feedback, 
Configuration C. 
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FIGURE 17. Modal Damping and Frequencies Versus Feedback 
Phase with Cosine Cyclic Lag Acceleration 
Feedback, Configuration C. 
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FIGURE 


19. 


Modal Damping and Frequencies Versus Feedback 
Phase with Sine Cyclic Lag Rate Feedback, 
Configuration C. 
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FIGURE 20. Modal Damping and Frequencies Versus Feedback 
Phase with Sine Cyclic Lag Acceleration 
Feedback, Configuration C. 
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FIGURE 22. Modal Damping and Frequencies Versus Feedback 

Phase with Roll Rate Feedback, Configuration C. 
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figure: 23. 


/odal Damping and Frequencies Versus Feedback 
Phase with Roll Acceleration Feedback, 
Configuration C. 
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FIGURE 25. Modal Damping and Frequencies Versus Feedback 

Phase with Pitch Rate Feedback, Configuration C. 
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Modal Damping and Frequencies Versus Feedback 
Phase with Pitch Acceleration Feedback, 
Configuration C. 
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FIGURE 28. Modal Damping 

Versus Feedback Phase with 
Sine Cyclic Flap Feedback, 
Configuration C. 
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FIGURE 31. Effect of Sine Cyclic Lag Acceleration 
Feedback Gain on Modal Damping and 
Frequencies, Plotted Versus Rotor Speed, 
Configuration C. 
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FIGURE 32. Effect of Roll Rate Feedback Gain on 
Modal Damping and Frequencies, Plotted 
Versus Rotor Speed, Configuration C. 
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36. Effect of Roll Rate Feedback Phase on 
Modal Damping and Frequencies, Plotted 
Versus Rotor Speed, Configuration C. 
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FIGURE 38. Effect of Lead-lag Feedback Gain and Phase on 

Regressing Lag Mode Dynamics. 

(root locus parameter - rotor speed). 
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F1GUKE 39. Effect of Roll Rate ant' Acceleration Feedback Gain and Phase 
on Rcyressiny Lay Mode Dynamics. 
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FIGURE 1 40 . Modal Frequencies and Damping for Equivalent 
Dynamic Systems of Varying Hinge Offset. 
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Modal Damping for Equivalent Dynamic 
Systems of Varying Precone. 
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FIGURE 43. System Response Using Progressing and 
Regressing Lag Eigenvector from 
■Stability Analysis as Initial Condition, 
Configuration C. (No Feedback Applied) 
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FIGURE 44. System Response with Si-e Cyclic Lag Feedback, 
Using Regressing Lag Eigenvector from Staoility 
Analysis as Initial Condition, Configuration C. 
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FIGURE 45. System Response to Advancing Stick Stir at Regressing lag Mode 
Frequency, Zero Initial Conditions, Configuration C. (Excitation 
Stopped after Ten Rotor Revolutions). 
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FIGURE 46. 


System Response to Regressing Stick Stir at 
Frequency, Zero Initial Condition, Configuration 
Stopped after Ten Rotor Revolutions). 
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Number of blades 

4 


Hinge offset, ft 

1.0 

(.3048 m) 

Blade mass, slugs 

6.5 

(94.9 Kg) 

Blade first mass moment, slug - ft 

65.0 

(289.1 Kg - m) 

2 

Blade second mass moment, slug - ft 

800.0 

(1084.7 Kg - m 2 ) 

Lag spring, ft - lb 

0.0 

(0.0 N-m) 

Lag damper, ft - lb - sec 

3000.0 

(4067.5 N-m-s) 

Fuselage mass long, slugs 

550.0 

(8026.6 Kg) 

Fuselage mass lat., slugs 

225.0 

(3283.6 Kg) 

Longitudinal Stiffness, lb/ft 

85000.0 

(1240481.8 N/m) 

Lateral Stiffness, lb/ft 

85000.0 

(1240481.8 N/m) 

Longitudinal damping, lb-sec/ft 

3500.0 

(51078.7 N-S/n) 

Lateral damping, lb-sec/ft 

1750.0 

(25539. 3N-s/m) . 

Rotor radius, ft 

24.0 

(7.32 m) 

Chord, ft 

1.75 

( ,53m) 

Nominal rotor speed, rpm 

300 


Precone, deg 

0 


Height of rotor above body mass, ft 

0 




Humber of blades 


3 


Radius, cm 

38.01 

Chord, cm 

1.26 

Nominal rotor speed, rpm 

1000 

Hinge Offset, cm 

8.51 

Precone, deg 

0 

Blade airfoil 

Circular 

Lift curve slope 

.0 

Profile drag coefficient 

1.0 

Lock number 

.0182 (0.0) 

Solidity ratio 

0.03179 

Blade mass, kg 

.699 

Blade first mass moment, kg cm 

9.275 

2 

Blade second mass moment. Kg cm 

177 

Nonrotating flap frequency, Hz 

3.01 

Nonrotating lead-lag frequency, Hz 

6.39 

Damping in lead-lag, ''■> critical 

.185 

Height of rotor hub above gimbal , cm 

24. 1 

Fuselage mass in pitch. Kg 

19.27 

Fuselage mass in roll. Kg 

19.27 

2 

Fuselage inertia in pitch, Kg cm 

5110 

2 

Fuselage inertia in roll. Kg cm 

1870 

Pitch frequency, Hz 

B1.-27.4; B2 

Roll frequency, Hz 

3.6 

Damping in roll, ^critical 

3.0 

Damping in pitch, critical 

3.0 
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NACA 23012 


0.0079 


0.0494 


TABLE 3: Rotor/Body Properties. Configuration C and D 


Number of blades 
Radius, cm 
Chord, cm 

Nominal rotor speed, rpm 
Hinge Offset, cm 
PrecQne, deg . . 

Blade airfoil 
Lift curve slope 
Profile drag coefficient 
Lock number 
Solidity ratio 
Blade mass. Kg 

Blade first mass moment. Kg cm 

2 

Blade second mass moment. Kg cm 
Nonrotating flap frequency, Hz 
Nonrotating lead-lag frequency, Hz 
Damping in lead-lag, '• critical 
Height of rotor hub above gimbal, cm 
Fuselage mass in pitch. Kg 
Fuselage mass in roll , Kg 

2 

Fuselage inertia in' pitch, Kg cm 

2 

Fuselage inertia in roll, Kg cm 
Pitch frequency, Hz 
Roll frequency, Hz 
Damping in pitch, ”, critical 
Damping in roll, 4 critical 


C: 3.13 ; 0: 6.63 


1.59; 2* 


♦Body Frequencies used in study of active control. 
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Hinge 
Offset 
% R 

a 

rad/sec 

f 

i| 

* c c 

° Amax 
deg 

Feedback | 
State 

K 

deg 

Ci 

lag 

N-m-sec 

k lag 

N-ra 

^f lap 
U-m 

10 

-.137 

.54 

.29 

C, 

s 

.3 

240 

.0076 

30.66 

6.69 

5 

-.097 

.38 

.29 

s 

.3 

240 

.0049 

41.8 

26.0 

2 

-.077 

.31 

.29 

s 

.3 

240 

.0036 

47.8 

38.8 

10 

-.284 

1.13 

.39 

0 

X 

27 

270 

.0076 

30.66 

6.69 

5 

-.158 

.63 

.45 

0 

X 

27 
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.0049 

41.8 

26.0 

2 

-.119 

.47 

.37 

(J 

X 

27 

270 

.0036 

47.8 



38.8 


TABLE 5: Effect of Hinge Offset on Feedback Results for Configuration C., Equivalent 

Dynamic Systems. ( U = 765 rpm) 

+ Without active control (K=0) system damping is g= -.582 critical for all three 
values of hinge offset. 
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! N-m-sec 


240 .0036 

240 .0063 

240 1 .0089 


270 j .0063 

270 ! .0089 


TABLE 6: Effect of Precone on Feedback Results for Configuration C 

Equivalent lynamic Systems. 

(n = 765 rpm, e = .02R) 

+ Without active control (K=0) system damping is 
n = -.582 critical for all three values of precone. 
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TABLE 7: Effect of Flap Stiffness on Feedback Results for Configuration C., 


Equivalent Dynamic Systems. 

(n =765 rpm, e=.02R) 

+ Without active control (K=C) system damping is 
n = -.58% critical for all three values of flap stiffness. 



APPENDIX A: LIST OF SYMBOLS 
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Blade Lead-Lag Damping 

Damping Matrix. State Space Output Matrix 
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Fuselage Lateral Stiffness 
Fuselage Roll Stiffness 
Fuselage Pitch Stiffness 

Stiffness Matrix. Matrix of Feedback Cains 
Length of Blade, from Root Hinge to Tip 
Blade Mass 

Fuselage Longitudinal Mass 

Fuselage Lateral Mass 

Mass Matri-x 

Number of Blades 

Nominal Rotor Speed 

Vector of Ceneraliied Coordinates 

Rotor Radius 
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31ade First Mass Moment of Interia 
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Vector of State Space Variables 

Vector of Output Measurements 


A 

A 

t 

6 

A 

i 
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Per Degree of Lead-Lag Motion 
Blade Aerodynamic Pitch Angle 
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Fuselage Roll Motion 
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Inflow Ratio 

Real Part of Eigenvalue, i. e. . Modal Damping, 
rad/sec; Rotor Solidity 
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Controls 
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APPENDIX B: EQUATIONS OF MOTION 


The nonlinear steady-state blade equilibrium equations and 
the linearized periodic coefficient perturbation equations 
for the blade and fuselage degrees of freedom are given in 
th is. Append ix. . , . 
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DYNAMIC EQUATIONS 
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